The radioisotope 32Si was evaluated as a tracer for measuring silica production rates in marine waters. j2Si is a weak p-emitter that decays to 32P allowing the isotope to be used to determine simultaneously the production rate of biogenic silica and organic phosphorus. High specific activity '*Si, 42,000-52,000 Bq (pug Si)-I, was produced by the proton spallation of KCl. Reasonable tracer additions result in only nanomolar increases in the ambient silicic acid and orthophosphate concentrations during production rate experiments. Protocols for quantifying the amount of 32Si and 32P in samples by liquid scintillation counting (LSC) and gas-flow proportional counting (GFPC) are presented. Both protocols eliminate the 4-month wait for secular equilibrium between 32Si and 72P required by earlier methods. GFPC is especially useful as the instrumentation is lightweight and portable allowing real-time analysis of samples at sea. Real-time analysis by GFPC at sea and postcruise analysis by LSC gave results that agreed to within 17 and 7% for 12Si and 32e respectively. Subsequent intercalibrations of the LSC and GFPC methods indicated that agreement to within O.l-4% for both isotopes can be achieved. Parallel incubations of samples from Monterey Bay, California, using the radioisotope 32Si and the stable isotope 'OSi gave silica production rates that generally agreed to within 30%. No significant bias was observed between rates obtained with the two tracers. The greater sensitivity and ease of analysis of the radioisotope makes 32Si the tracer of choice for future studies of silica production in the ocean.
set on silica production rates in the sea measured with "OSi tracer consists of only 280 profiles (Nelson et al. 1995) .
The possibility of using the radioisotope "2Si as a tracer for silica production in the sea has been recognized since the inception of the "OSi tracer method (Nelson 1975) . Use of the radiotracer would increase the sensitivity of silica production rate measurements and dramatically decrease the labor involved in analysis of the samples. 32Si is a weak p-emitter (Em,, = 0.227 MeV) with a relatively long halflife of 134 yr (Browne et al. 1986 ), making it ideally suited as an alternative to 3oSi. Its daughter product is the strong p-emitter, 32P (E,,,, = 1.709 MeV, t, = 14.28 d; Browne et al. 1986) . Because j2Si has a half-life much greater than that of its daughter, stock solutions of "2Si attain secular equilibrium where equal amounts of X2Si and .s2P radioactivity are present with the daughter isotope having an apparent halflife equal to that of its parent (Barnes 1983) . Thus, the addition of the tracer to a sample introduces equal amounts of j2Si and 32P radioactivity, theoretically allowing simultaneous measurement of Si and P uptake.
Despite the obvious advantages of "2Si over :'OSi as a tracer, the radioisotope has been unavailable until recently. A small quantity of 32Si was produced in the late 1970s from the proton spallation of vanadium metal in order to determine the half-life of the isotope (Polack et al. 1985) . Some of the material produced for those experiments was used by Tr& guer et al. ( 1991) to make the first measurements of silica production rates in the ocean using "%i. The isotope they used had a low specific activity (56 Bq (pg Si)-I; Treguer et al. 1991) such that even relatively low tracer additions (-0.2 nCi ml l) increased the ambient silicic acid concentration by several micromoles per liter. That increase represents only a minor perturbation of the ambient silicic acid concentration in the Southern Ocean where Treguer et al: (1991) worked, but would significantly raise ambient silicic acid concentration in samples from most other marine systems. Such perturbations can significantly increase measured rates above those occurring in situ. Thus, routine use of 32Si in studies of silica cycling in the sea requires the development of a reliable source of high specific activity isotope.
We recently developed a method for producing and isolating 32Si with specific activity of 42,000-52,000 Bq (pg Si) I from the proton spallation of KC1 (Phillips et al. 1994 ). Here we describe new protocols developed for using the isotope as a tracer to measure silica production rates in marine waters and present the results from an initial field test of the tracer in Monterey Bay, California. Calibrations against the "OSi method and improved counting techniques that quantify both 32Si and 32P in samples are presented along with selected data from the field experiments.
Methods j2Si production-72Si was produced by the proton spallation of KCl. The details of the production and purification procedures have been described elsewhere (Phillips et al. 1994) . Briefly, 100 g of KC1 is melted in a platinum crucible and poured into a stainless steel encapsulation that is then placed inside an aluminum target holder. The holder is then positioned in line with the 800-MeV, 1-mA proton beam at the Los Alamos Neutron Science Center (LANSCE, formerly LAMPF). Water is circulated through chambers in the aluminum target holder to cool the sample during irradiation. The target remains in the beam for a minimum of 3 months. The target is removed from the beam and the j2Si is isolated from other radioisotopes produced by dissolving the irradiated KC1 in deionized-distilled water and reacting the dissolved Si to silicomolybdic acid with acidified ammonium molybdate. The solution is passed through a 5-1 O-ml column of Sephadex G-25 in a plastic chromatography column concentrating the heteropoly ion onto the resin. Undesired compounds are rinsed away with 0.1 N HCl that contains 25 g liter-' NaCl. The silicomolybdic acid is then eluted from the column with 0.4 N NaOH and the liberated MO removed by ion exchange after acidification with HCl and the addition of hydrogen peroxide. The final solution is evaporated to near dryness by gentle heating in a Teflon beaker and diluted with 0.1 N NaOH. The solution is allowed to sit for 4 months to restore secular equilibrium between "2Si and is daughter 32P The final product is radioisotopically pure, but is diluted with deionized-distilled water and passed through Chelex resin to remove trace metals (Fitzwater et al. 1982) prior to use as a biological tracer. The yield of 32Si from a 100-g KC1 target is typically loo-150 @i with a specific activity of between -42,000 and 52,000 Bq (pg Si)-I.
Protocols for field experiments-Samples
were obtained from the upper 75 m in and around Monterey Bay, California, using a rosette system equipped with lo-liter Niskin bottles aboard the RV Point Sur between 18 April and 4 May, 1995. Samples for combined biogenic silica concentration analysis were drained into 320-ml polypropylene bottles, filtered through 0.6-pm polycarbonate filters, stored, and analyzed as described by Brzezinski and Nelson ( 1995) . Samples for silicic acid concentration analysis were drained into1 30-ml polypropylene bottles, frozen, and analyzed ash 're using an Alpkem nutrient analyzer (Sakamoto et al. 8 199 ) . Samples for X2Si production rate studies were drained into 28Oml round polycarbonate bottles with polypropylene lids' Then, 0.03-0.06 @i of 32Si [42,165 Bq (pg Si>-I, 0.8 d pm 1 total Sil was added to each 280-ml bottle, and the samples placed in deck incubators under neutral density screens to simulate the in situ light intensity. Incubations were terminated by filtering each sample through a 25-mm, 0.6-pm polycarbonate filter. Each filter was then rinsed with three lo-ml volumes of filtered seawater to wash away excess tracer. Filters to be analyzed by liquid scintillation counting (LSC) were placed flat in the bottom of a plastic scintillation vial, frozen, and saved for analysis ashore. Those samples to be analyzed at sea by gas-flow proportional counting (GFPC) were air-dried on a planchette and analyzed within 1-2 h at sea as described below.
Experiments to compare silica production rates obtained with X2Si and ?OSi as tracers were conducted at each of 24 stations across the study area. At each station water from 5 m was collected and incubations using .72Si and .70Si were conducted in parallel. Incubations with 32Si were conducted as described above. Samples for 'OSi incubations were drained into 1.2-liter square polycarbonate bottles. Additions of 3oSi tracer (1.5 pm01 ml--', 95.28 atom% 3oSi) were made to the samples to achieve increases in ambient silicic acid concentration of no more than 15%. The ambient silicic acid concentration at 3 m was continually measured by an underway nutrient analyzer (Sakamoto et al. 1990 ) and used to adjust 3oSi tracer additions. All incubations were conducted for 24 h so that each incubation spanned the same period of the day. Both the 32Si and "OSi incubations were terminated by filtration through 0.6-pm polycarbonate filters under a vacuum of < 15 cm Hg. Filters holding the particulate material from the "OSi experiments were folded in quarters, placed in individual polystyrene Petri dishes, dried at 65"C, and stored for isotopic analysis.
The dependence of both Si and P uptake rates on substrate concentration was examined using "2Si and GFPC to demonstrate the utility of real-time counting techniques. Seawater was collected from a depth of 5 m at a location where the underway nutrient analyzer indicated concentration of silicic acid to be <l PM in the surface waters. A IO-liter water sample was divided into a series of 28Oml polycarbonate bottles with a separate 320-ml sample processed for biogenic silica concentration as described above. Then, a sufficient volume of a sodium metasilicate solution (passed through Chelex resin to remove trace metals prior to use) was added to each sample to increase ambient silicic acid concentrations by 0, 0.5, 0.75, 1.0, 2.0, 3.0, 5.0, 7.5, 10.0, 20 , and 30 PM. Immediately thereafter, each bottle received 0.03 &i of 32Si. The high specific activity tracer used increased the ambient silicic acid concentration by only 3 nM. Samples were incubated for 3 h, filtered, and prepared for real-time GFPC as described below.
Profiles of silica production rates using 32Si were obtained in the upper 75 m. Water was collected using the rosette system from depths corresponding to 100, 50, 30, 15, 5, 1, and 0.1% of the irradiance measured just below the sea surface. Incubations lasted 3-4 h. At selected stations, the effect of incubation time on the measured rate was examined. Replicate samples were incubated with "2Si for periods ranging from 1.5 to 24 h and analyzed at sea using GFPC.
Analysis of silica production rate samples-30Si incubations: The isotopic composition of the particulate silica from the 'OSi incubations was determined by conversion of the particulate silica to BaSiF, (Nelson and Brzezinski 1996) followed by solid-phase mass spectrometry using a Measurement and Analysis Systems 6-60 (6-inch radius, 60" deflection) mass spectrometer customized for analysis of silicon isotopes. The precision of the instrument was 0.002 atom% "OSi for triplicate analyses of the same sample. Silica production rates were calculated by mass balance as described below.
j2Si incubations: The amount of 32Si and 32P in the particulate matter from the "2Si incubations was quantified at sea by GFPC or back in the laboratory using LSC. Each filter to be counted by GFPC was placed on the surface of a metal planchette that had been coated with a small amount of glue from an Elmers white gluestick. Stable readings were obtained after drying the sample for 5 min at 65°C to remove residual water. Samples were counted on a Nuclear Measurements Corporation model PC-55 GFPC with a windowless detector. To distinguish between 32P and j2Si, each sample was counted at least twice for 1 or 10 min with and without a nominal 0.05-mm (0.002-inch)-thick aluminum foil placed over the sample. That foil blocked -84% of the counts from 12Si and 20% of the counts from .72P The foil was held suspended over the sample in a metal holder that held the foil taut and prevented contact between it and the filters. Thus, the same foil and counting geometry was able to be used for all standards and samples without cross-contamination of the samples. Occasionally, a filter was removed from the planchette after counting and placed in a scintillation vial for analysis by LSC to intercalibrate the two counting techniques. The amount of radioactivity remaining on each planchette after removal of the filter was always < 1% of the total radioactivity present in the sample. The GFPC system was calibrated for detector efficiency with and without the foil for both isotopes as described below.
GFPC calibration for -?2Si-147Pm was used as a surrogate for .72Si for calibration of the GFPC for the low energy p emission of 32Si. The maximum energy of the /3 particles emitted by 147Pm (tl/; = 2.623 yr) is 0.224 MeV with a spectral distribution very similar to X2Si (F,,,, = 0.227 MeV) (Browne et al. 1986 ). High purity 32P (F,,,, = 1.709 MeV, Lh = 14.28 d) was used to calibrate for the j2P emission efficiency. Certified NIST traceable standard solutions of 147Pm and 32P were purchased from Isotopes Products Laboratories (Burbank, California) for the calibrations. Aliquots of each standard were placed on individual stainless steel planchettes. The aqueous solutions were allowed to evaporate and each sample was assayed for 1 min on the GFPC with and without the foil in place. slope of each calibration curve represents the calibration constant, S, in units of CPM (nCi)-' for the given isotope and counting configuration.
When both 32Si and 32P are present in the sample as in real sample assays, it is assumed that the total count rate of a sample measured on the GFPC (CPM.,,,, ) equals the counts from 32Si (CPMSi-32) plus the counts from 32P (CPM,-,,): CPM,,,, = CPMSi-32 + CPM,32* Recognizing that for each isotope,
(1) yields CPM = S X nCi (2) CPMTOtd = (Ssi-32 X nCi 72Si) + (S,.,, X nCi j2P), (3) where Ssi-32 is assumed to be equal to SPm.147 for both the counts with and without the foil as determined above and presented in Fig. 1 . With careful calibration Ssi-32 and S,-,, are known to within l-3%. For a given sample this last equation holds simultaneously for both the count with the foil and the count without the foil, yielding two simultaneous equations with the two unknowns nCi x2Si and nCi 32P in the sample. Incorporating the appropriate calibration coefficients (Fig. l) , those equations become l'oiCPM,,.ota, = 1 89nCix2Si + 1 ,278nCi32P;
N0 roi'CPM?.ota, = 1 ,221nCi32Si + 1 ,599nCi32P, (5) where FOilCPMTO,l,, and N0 IbllCPM,rOt?, are the measured counts per minute in the sample with and without the foil covering in place, respectively. Thus, measuring the count rate of a sample with and without the foil allows the calculation of the amounts of "2Si and 32P in the sample by solving Eq. 4 and 5 simultaneously. The analytical error in the calculated nCi 32Si and nCi 32P due to the uncertainties in the calibration coefficients and counting statistics was 3-5%.
LSC calibration for 32Si-The samples stored in scintillation vials were analyzed by LSC back in the laboratory. The samples were prepared for analysis by covering each filter with 2 ml of 2.5 M HF to dissolve the labeled biogenic silica and provide sufficient acidity to prevent 32P from adhering to the walls of the vial. After 2 h, 10 ml of scintillation cocktail (Hewlett Packard Ultima Gold XR) was added to each vial and the vials sealed and shaken. Two hours were allowed for bubbles to clear and chemoluminescence to subside. Each sample was then counted on a Beckman Instruments LS 5000 liquid scintillation counter. Counts were made in triplicate with each count terminating after 60 min or when a counting precision of 1% was achieved. The resulting precision for individual samples ranged from 0.3 to 3%.
The maximum energies of the /3 emissions from 32Si and 32P (0.224 and 1.709 MeV for 32Si and 32P, respectively; Browne et al. 1986 ) are sufficiently different for mixtures of the two isotopes to be quantified using dual-label scintillation counting techniques (Fig. 2) . A counting window in the high energy region is set as shown in Fig. 2 so that it contains a significant fraction of the counts from 32P, but none of the counts from 32Si. All lower energy emissions are recorded in a second window (Fig. 2) . The lower energy window contains all of the counts from '2Si, but also some of the counts from j21? To deconvolve the energy spectra, the percentage of the total CPM from 32P registering in the high energy window was determined by calibrating an equilibrated 32Si stock solution against the certified NIST traceable 72P standard. Fifty-microliter aliquots of a nominal 0. Fig. 2 . Energy spectra for j*Si in secular equilibrium with 32P (0) and pure 32P dctermincd by LSC. The "*Si spectrum was calculated as the difference between the spectra for the equilibrated 32Si solution and that for 321? The apparent counts for 32Si in channels above -590 are artifacts of that difference procedure. Measured spectra were assayed by placing 20 ~1 of a nominal O-l-kCi ml-l 32Si or 32P stock in a scintillation vial with 2 ml of 2.5 N HF and 10 ml Ultima Gold XR counting cocktail. The vertical line represents the location of the border between the lower and higher energy counting windows used for LSC. ml l stock 32Si solution in secular equilibrium were placed in each of six replicate scintillation vials. Then, 20 ml of deionized-distilled water was added to each vial and the samples assayed by Cerenkov counting. Because 32Si does not produce Cerenkov emissions, the procedure allowed the amount of 32P per unit volume of stock x2Si solution to be quantified independently of the parent .12Si. Precision of the counts was 0.1%. The counting efficiency of the Cerenkov assays was determined by placing a known amount of the 32P standard and 20 ml of deionized distilled water into replicate scintillation vials and counting using the same protocol as used for the .72Si solutions. The counting efficiency of the Cerenkov assay for j2P was found to be 56.74 + 0.01% (SD).
The percent of j2P counts in the '2Si stock solutions registering in the high energy window (%32Pw2) during LSC analysis was calculated as
where CPM,, is the total CPM in the higher energy window, 0.998 is the counting efficiency of j2P in the HF/cocktail mix described above, V is the volume of the 32Si stock solution assayed, and [""PI is the number of nanocurries of 32P per unit volume of "2Si stock determined from the Cerenkov calibration described above. The analysis indicated that 80.4 + 0.2% (SD) of the 32P CPM were registering in the higher energy window on the liquid scintillation counter. Thus, the DPM from j2P in a J2Si sample (DPM,,,) is given by DPM,,,, = CPM,,/(0.804 X 0.998), 
where CPM,, is the total CPM in the lower energy window containing all of the j2Si counts and 19.6% of the total CPM from j21? The DPM from 32Si (DPMSi-32) is given by (9) where EFFs,-32 is the counting efficiency of j2Si. EFFSi-32 was determined from a quench curve constructed by pipetting 20 ~1 of the calibrated "2Si stock into each of five scintillation vials and adding the HF/cocktail mix described above. The samples were counted to 0.1% precision and then 3-6 ~1 of nitromethane was added to each vial to increase the quench of the sample. Each sample was recounted and the addition of nitromethane repeated until the range of quench observed for natural samples was spanned. The automatic quench compensation available on our scintillation counter was used, which maintained the ratio of the CPM in window 1 and window 2 for the 32P standards to within 1.5%, allowing the CPM for 32Si and DPM for .72P to be calculated using Eq. 7 and 8. The counting efficiency of 32Si in each sample in the quench curve for the 32Si stock was calculated as EFFsm = CPM,,-,,/DPM,,,,. The resulting quench curve of counting efficiency as a function of relative quench (reported as an H# on our instrument) is presented in Fig. 3 . Nearly all samples have H# between 130 and 160 so that samples from silica production rate experiments typically count with 88-9 3 % efficiency.
Decay corrections or non-real-time analyses-Samples from the field experiments were assayed by LSC as soon after the cruise as possible (within 3 weeks of sampling) and then again after secular equilibrium had been reestablished (4 months). When the radioassay is delayed for a few days to weeks the amount of '2Si is virtually unchanged due to its long half-life. However, the 32P content changes as the 12P taken up as HP0 42-decays over time and the .32P generated by the decay of '2Si accumulates in the sample. To calculate the DPM of .72P in the sample at the end of the shipboard incubation the measured DPM of j2P must be corrected for those two processes. The amount of 72P that has grown in from the decay of j2Si is given by 32p Dpwngrowth = 32Si DPM(l -e *l), (11) where j2Si DPM is the DPM of 32Si calculated as described above, A is the decay constant for 12P (0.048536 d-l), and t is the time elapsed between the filtering of the sample and counting it on the LSC (Barnes 1983) . The 32P that is not supported by the decay of 32Si (.32P DPMUnsupportcd) at the time of counting (I) is 32p DpM""Supp"netl = 32P DPM, -32P DPMlngrowth. (12) The original unsupported 32P content of the sample at the end of the incubation aboard ship (i.e. j2P taken up by the plankton, .s2P DPMN,) is given by 32P DPMN, = (32PUnsupported)/e *'.
Silica production rate calculations-Calculation of the specific uptake rates of phytoplankton are typically modeled after that recommended by Shepard (1962) : V = da,ldt + (a, -a,), (14) where the variables a, and a2 represent the amount of the tracer in the particulate and dissolved pools, respectively. That equation was presented in the following form by Nelson and Goering (1977) who developed the "OSi tracer method for measuring silica production by marine phytoplankton: V = ("'A~ -3oA,)/t('oAi -3oAn), (15) where "OA, is the final atom% ?Si of the siliceous particles, 3oA, is the initial atom% 3oSi of isotopically natural Si (3.10 atom%; Lide 1994), and 7oA, is the atom% "OSi of the ambient silicic acid pool after the addition of the tracer. Note that a, is approximated by "OA, in Eq. 15. Because a, changes from "OA, to "OA, during the experiment, an alternate form of Eq. 15 where "OA, is replaced by ?OA, in the denominator is V = ("OA, -""A,)It(30A, -30A,).
(16) In both Eq. 15 and 16, V is normalized to the sum of biogenic plus lithogenic particulate silica and thus underestimates the specific rate of biogenic silica production. That is a direct result of the sample preparation scheme where both biogenic and lithogenic silica in the sample are converted to BaSiF, for mass spectrometry (e.g. Nelson and Brzezinski 1996; Brzezinski and Nelson 1989) . The specific rate normalized to biogenic silica only (V,,, also in h ') is often calculated as The use of Eq. 15 or 16 yields nearly identical results for V, when values of 30A, do not deviate strongly from 30A, (Fig.  4) . However, at high rates of production, ?"A and 30A, differ substantially and use of Eq. 16 yields a significantly higher value for V,, than does Eq. 15 (Fig. 4) . The true uptake rate lies between the two estimates because the isotopic composition of the cells changes from 30A, to ""A, during the experiment. Accounting for these biases is an especially important consideration when comparing specific uptake rates obtained using YSi and 32Si tracers, as the calculations for .72Si incorporation rates (Leynaert 1993) do not involve these same approximations. The choice of the equation used can thus affect the apparent level of agreement among rates obtained from replicate samples using the two tracers.
We suggest an alternative formulation of the equation for V, that can be used with either 32Si or 3oSi tracers, giving a common mathematical form and underlying set of assumptions to the calculations for both tracers. Logistic growth is assumed during the incubation yielding
where [BSi,,] is the biogenic silica concentration measured directly at the beginning of an incubation of duration t and [BSi,,,] is the increase in biogenic silica concentration during the incubation. In the case of experiments using 3oSi (30Af -3oA,)l(30A, -3oAf) . (20) For 32Si uptake studies, BSi,,,, is given by
where PCi 32Si,,i is the amount of "2Si in the particulate phase at the end of the incubation, @i 32Si,,,, is total amount of 32Si added to the sample, and [Si(OH),] is the total silicic acid concentration (ambient + tracer) at the beginning of the experiment. Use of these equations results in identical values for V, for both 32Si and "OSi. The value obtained is intermediate between that given by Eq. 15 and 16 and is nearly equivalent to the geometric mean of the two (Fig. 4) . The silica production rate (p) for either "Si or 3oSi tracer can be expressed as
Particulate phosphate production rates-The uptake rate of orthophosphate can be determined in a manner analogous to substituting Eq. 21 into Eq. 22:
where &i 32P,,, is the amount of 32P in particulate phosphate at the end of the incubation, &i 32P101 is total amount of 32Si added to the sample, and [HPOd2-] is the ambient phosphate concentration at the beginning of the experiment. Specific uptake rates of orthophosphate would be calculated using an equation analogous to Eq. 18. Particulate phosphate concentrations were not determined in our study.
Results
LSC-A comparison of the values of V, obtained by LSC using the DPM for 32Si obtained on the inital counts made within a month of sampling with those obtained after secular equilibrium was attained in the samples shows very good agreement (Fig. 5) . The data deviated from a perfect 1 : 1 correspondence by 1.5%. These data indicate that the calculation scheme presented above provides essentially the same result whether the samples are counted by LSC soon after the experiment or after waiting 4 months for secular equilibrium.
Comparison of LSC and GFPC-The direct comparison of the results of LSC and GFPC for samples from silica production rate studies in Monterey Bay was hampered by the failure of the electronics in the GFPC after the cruise. Repair of the instrument required reconfiguration of the detector prior to the planned postcruise calibration of the device. Precise calibration of GFPC depends strongly on the counting geometry. Thus, the postcruise calibration obtained after the repair is only approximate for the data obtained at sea with the old configuration of the instrument, Neverthe- less, the results from real-time GFPC with the postcruise calibration and those from reanalysis of the same samples ashore using LSC agreed to within 17 and 7% for 32Si and j2P, respectively (Fig. 6) . To demonstrate the accuracy and precision that can be expected with proper calibration of the GFPC, we analyzed aliquots of j2Si solutions that were in secular equilibrium by both GFPC and LSC after the repair and calibration of the GFPC. Comparison of the two methods indicated that GFPC gave values that were within 0.1 and 4.0% of those obtained by LSC for 32P and 72Si, respectively (Fig. 7) . Work is under way to improve the level of agreement for future studies.
Comparison of "*Si and .72Si as tracers-A comparison of the specific uptake rates obtained using 32Si and "OSi tracer is shown in Fig. 8 . The rates obtained from the two tracers generally agreed to within 30%, but occasional differences of 200% were observed (Fig. 8) . The ratio of the rate obtained with .j"Si as tracer to that obtained using j2Si averaged 1. 02 & 0.30 (n = 24) , indicating the lack of a significant bias between tracers.
Field results-A sample profile obtained with 32Si using LSC is presented in Fig. 9 . This station was occupied during the calm period just after a strong upwelling event. Both p and V,, were high in the upper 10 m and declined rapidly with depth. The integrated production rate was 135 mmol m 2 d-l, similar to some of the higher rates observed in other coastal upwelling systems (Nelson et al. 1995) .
Real-time assays of the time course of Si uptake using GFPC showed a linear increase in the amount of 32Si taken up on time scales of l-6 h (Fig. 10) . Approximately linear increases in the amount of tracer taken up were also observed on time scales of 12 or 24 h (Fig. 10) .
The results of the kinetic experiment showed a clear limitation of silica production rates in the low nutrient water sampled. The data conformed to the Michaelis-Menten function with a calculated K,y and V, values of 1.96 PM and 0.0098 h I (Fig. 11) . The rate of phosphate uptake was unaffected by the addition of Si as expected (Fig. 11) . Discussion 12Si gives results similar to those provided by "OSi with much greater ease of sample analysis. Differences in the rates provided by the two tracers evident in Fig. 8 were not due to differences in the analytical error associated with either the .72Si or 3oSi analyses. The analytical error for both measurements was small, as the "2Si samples each contained a minimum of several hundred DPM and the 3oSi samples all had atom% "OSi enrichments that were over an order of magnitude greater than the analytical error of our mass spectrometer. The difference in rates may have arisen from the different-sized incubation bottles used with the each tracer (1.2 liters for incubations with 3oSi and 280 ml for incubations with .32Si). The larger bottle used in the ?OSi studies was necessary to obtain an adequate mass of silica for mass spec- trometry. That larger volume may have included a sufficient number of the more rare diatom species to affect the overall silica production rate or the large bottle may have reduced bottle effects. The latter is unlikely as there was no evidence of systematically higher rates with the 30Si tracer. Ideally, intercalibrations of the type attempted would be conducted by adding both tracers to the same 1-2-liter incubation bottle. This would greatly increase the volume of radioactive waste generated, which was cost-prohibitive, and would also require that radioactive samples be introduced into the mass spectrometer. These cost and radiation contamination concerns prohibited the use of such an experimental design.
The relatively long history of 3oSi production rate measurements compared to those using 32Si make 3oSi the de facto benchmark for evaluating other tracers. However, there is no way of discerning whether "2Si or 3oSi yields the more accurate rate determination. The fact that there is no systematic difference between rates obtained with 3oSi and "2Si indicates the lack of a bias for either tracer relative to each other. X2Si has the great advantage of being able to be analyzed at sea by GFPC or LSC, greatly increasing an investigator's ability to evaluate and alter experimental designs at sea based on real-time results. The speed and ease with which samples from 32Si incubations can be analyzed also means that larger numbers of experiments can be conducted during a given study, allowing greater spatial and temporal coverage compared to studies using "OSi. The use of 32Si has the additional advantage that the rate of particulate phosphate production can be obtained simultaneously with silica production rates. Care must be taken when interpreting those rates as the turnover rate of particulate phosphate is often much faster than that of biogenic silica. Rates obtained from incubations of a few hours may yield accurate silica production rates, but may severely underestimate particulate phosphate production rates due to significant recycling of HPOd2 -during the experiment.
Both the GFPC and LSC methods described here eliminate the 4-month wait prior to sample analysis required by past techniques employing Cerenkov counting (Trkguer et al. 1991) , thereby greatly speeding sample analysis. GFPC has the potential to provide a simple, portable, counting capability at sea for real-time sample analysis. We conclude that 32Si provides estimates of silica production rates of the same quality as 3oSi with the greater sensitivity and ease of sample analysis inherent to radiotracers. The instrumentation required for sample analysis by LSC is available at nearly all oceanographic institutions. That ease of analysis combined with the availability of .12Si with high specific activity should lead to a rapid expansion of the global dataset on silica production in the sea.
